In this paper we present a development of a multipurpose vacuum chamber which primal function is to be used in pump/probe experiments with free electron laser ͑FEL͒ radiation. The chamber is constructed for serial diffraction and serial spectroscopy allowing a fast exchange of samples during the measurement process. For the fast exchange of samples, liquid jet systems are used. Both applications, utilizing soft x-ray FEL pulses as pump and optical laser pulses as probe and vice versa are documented. Experiments with solid samples as well as the liquid jet samples are presented. When working with liquid jets, a system of automatically refilled liquid traps for capturing liquids has been developed in order to ensure stable vacuum conditions. Differential pumping stages are placed in between the FEL beamline and the experimental chamber so that working pressure in the chamber can be up to four orders of magnitude higher than the pressure in the FEL beamline.
I. INTRODUCTION
Scattering experiments with soft x-ray radiation ͑2-10 nm͒ are ideal for studying the structure of nanosized objects, for determining the electron density shape of aperiodic systems or periodic structures of nanoensembles with lattice constants of about 5-10 nm and bigger, such as periodic self-assembled structures or macromolecular crystals.
1 Structural studies on such materials are of particular importance for the development of nanoconfined materials with new and extraordinary physical and chemical properties, in biology or in nanomedicine.
2 Recent developments of highly intense ultrashort soft x-ray radiation generated with the soft x-ray free electron lasers ͑FELs͒ ͑FLASH, LCLS͒ ͑Refs. 3 and 4͒ allows for new kind of diffraction or spectroscopic experiments [5] [6] [7] [8] in this wavelength regime. The coupling of an optical femtosecond laser enables for ultrafast time resolved diffraction experiments with soft x-ray radiation: The optical laser excitation can be used to change the state of matter, to generate structures far away from equilibrium, or initiate chemical 9, 10 or biochemical 11, 12 reactions with the advantage of an initial, optically well-defined, and coherent excitation of the sample. It is also possible to use the x-ray beam to induce changes in the materials and then probe with the laser beam to monitor changes in electro-optical properties. With the possibility to insert liquid samples in a liquid jet form into vacuum, [13] [14] [15] [16] [17] FEL experiments are no more limited to solid and gaseous samples.
Due to the high absorbance of soft x-ray photons by air, all experiments require high vacuum conditions. The vacuum chambers have to be big enough to allow connection of all necessary equipment, e.g., sample holders and detectors. At the same time, these chambers should be as small as possible so that the downtime in the operation when they have to be vented and pumped down again is kept minimal. In this work, we present a design of a multipurpose vacuum chamber which can be used for multiple types of pump/probe measurements ͑optical transmission and reflection and soft x-ray diffraction͒ and with different kinds of samples ͑solid samples or liquid jet͒, while having a small size.
II. SETUP
The main component of the setup ͑Fig. 1͒ is an octagonal ring with an outer diameter of 210 mm and inner diameter of 160 mm ͓see Fig. 2͑a͔͒ . All eight sides have embedded DN40 CF flanges, while both bases have DN160 Conflat ͑CF͒ flanges. During the experiments the chamber is positioned vertically so that flange 1 is directly above flange 5.
The vacuum chamber is evacuated by an oil-free Oerlikon Leybold pump system which consists of an EcoDry M prepump and a MAG W 400 iP turbomolecular pump with a DN160 CF flange, connected directly to a DN160 CF chamber flange. Direct connection over a big flange is an important feature for the quick evacuation of the chamber. With this configuration, it is possible to pump out the vacuum chamber containing a solid sample to a pressure lower than 10 −6 mbar in less than 20 min, which allows starting the measurement.
Flange 3 is connected to a DN40 CF cross which carries various tools: a vacuum gauge, a movable FEL x-ray beam dump, and a SMA ͑SubMiniature version A͒ vacuum feedthrough connector for an avalanche diode. This avalanche diode is sensitive in the soft x-ray as well as in the optical light range. Based on the rise time of ϳ100 ps it is possible to roughly determine the temporal overlap between the FLASH FEL beam and the optical laser. As another possibility to find the time zero point, flange 2 can be used to a͒ Author to whom correspondence should be addressed. Electronic mail: stecher@gwdg.de. connect a second manipulator with a SMA coaxial cable, which is on another end connected to the oscilloscope. By using the electrical signals produced in the coaxial cable by x-ray and laser pulses, temporal overlap can be found within a 50 ps interval. 18 If it is necessary to obtain better vacuum conditions in a direction of an incoming FEL beam flange 7 can be connected to a differential pumping stage ͑DPS͒, which will be described later.
A. Solid samples
For measurements with solid samples, a motorized xyzmanipulator is mounted on flange 1. The manipulator has a 100 mm distance range on the z-axis while the movements in the xy-plane are limited by the size of the DN40 CF flange to a 40 mm diameter circle. The position can be changed remotely in all three directions by the use of a joystick or it can be computer controlled. The computer software also allows programming of various consecutive movements to be completed automatically, which is a useful tool for automatization of measurements during the destructive experiments, which demand a fresh sample for each pair of pump and probe pulses. The sample manipulator is equipped with a multisample holder that is capable of connecting up to four different samples at the same time, with the total area of 9 ϫ 3.5 cm 2 . The inner frame of the sample holder is also used as a holder for a metal substrate covered with photoluminescent material used for finding the spatial overlap between a FEL soft x-ray beam and an optical laser beam.
B. Liquid jet
In addition to the solid samples, liquid samples can also be studied in this chamber. They are pumped into the vacuum through a nozzle with a diameter of 5 -100 m. Experiments presented in this article were performed with 20-60 m nozzles, while the possibility of using the smallest 5 m nozzle was demonstrated but not yet characterized by reflection measurements like in Fig. 4 . For the experiments, the xyz-manipulator is mounted on flange 1 and it is holding the liquid jet guiding pipe made out of stainless steel. Liquid is pumped into the chamber using a HPLC FIG. 1. ͑Color online͒ ͑a͒ 3D model of the vacuum chamber. The free electron laser ͑FEL͒ beam is coming from the right side and is passing through the vacuum shutter ͑A͒ and the differential pumping stage ͑B͒ before entering the main chamber ͑C͒. The turbomolecular vacuum pump ͑D͒ and the x-ray camera ͑E͒ are connected to the DN160 CF ports of the chamber. The sample positioning vacuum manipulator ͑F͒ is connected onto the top part, while the manipulator which holds coaxial cable holder used for time zero measurement ͑G͒ is connected next to it. After passing through the main chamber, the FEL beam enters a DN40 CF cross ͑H͒ which holds the beam stop and the vacuum gauge. ͑b͒ Photograph of the experimental setup at the FLASH beamline. The FEL beam is coming from the right side and first passes the vacuum shutter ͑A͒. The experiments shown investigated solid samples, so the differential pumping stage ͑B͒ did not use a cooling trap, and the turbomolecular vacuum pump was mounted from the upper side. The main chamber ͑C͒ has the sample positioning vacuum manipulator ͑F͒ and the coaxial cable holder ͑G͒ connected to the upper side and the turbomolecular vacuum ͑D͒ pump to the side. The optical setup used for reflectometry measurements has been installed on the optical plate next to the chamber. The sample, which can be either a solid sample or a liquid jet, is positioned through the flange 1. The soft x-ray beam is entering the chamber through the flange 7, and the optical laser beam through the flange 6. The intensity of the reflected ͑I r ͒ and transmitted ͑I t ͒ laser beams can be measured at the flanges 8 and 2, respectively. The intensity of the optical beam I 0 is measured before entering the experimental chamber for signal normalization. ͑b͒ 3D model of the pump/probe experiments with the liquid jet. In this setup, the FEL pulses ͑lighter shade of gray, blue online͒ are used as a pump, and optical laser pulses ͑darker shade of gray, red online͒ are used as a probe in the reflection geometry. A photodiode is connected to the outside of the flange 8 and it is recording the intensity of the reflected signal. Due to the fact that laser pulses become divergent after reflection from the water jet, a convex lens can be placed between the chamber and the photodiode in order to increase the detected signal.
pump Knauer Smartline Pump 1000. This way it is possible to set the flow rate of the liquid jet up to 10 ml/min with an accuracy better than 0.5% and to keep it constant with a precision better than 0.1%. Immediately after passing through the nozzle, the liquid has a laminar flow for a certain length, usually few millimeters. 19, 20 This part of the flow can be used to perform experiments involving ͑dis-͒ordering of different liquid samples after laser irradiation or change in their electric properties after absorbing a FEL pulse. Usually, the setup can run with these stable conditions up to 8 h, depending on the liquid jet flow rate, and that time should be sufficient for performing a time resolved measurement.
Although it is also possible to use flow-through cells for experiments with liquid in vacuum, it would be impossible to use them with the FEL radiation because the cell windows would get damaged.
On the opposite side of the liquid jet system, on flange 5, a cooling finger is installed in order to collect the liquid coming out of the liquid jet during experiments. This cooling finger is immersed in a dewer filled with liquid nitrogen so that all collected liquid is frozen in order to keep the vacuum conditions stable. The turbomolecular pump is protected from the direct flow of liquid and solvent molecules in the gas phase by a cooling trap, which is installed in the vacuum T-cross between the chamber and the pump. The trap is filled with liquid nitrogen and it collects and freezes all liquid and solvent molecules in the gas phase coming from the liquid jet toward the turbopump. The usage of the cooling trap increases the vacuum pumping speed two to five times and also helps the turbomolecular vacuum pump to reach higher rotational speed than compared to a setup without the cooling trap.
During the experiments utilizing the liquid jet, the pressure in the chamber is kept stable in the 10 −3 mbar range. To be able to provide 10 −7 mbar pressure on the side that is connected to the FEL, DPSs should be installed ͑one or two of them͒. Each of them consist of the vertically positioned four-way reducer vacuum cross ͑DN100 CF to DN40 CF͒, with the turbopump on the lower side of the cross and the cooling finger filled with liquid nitrogen on the upper side. With one of the DN40 CF flanges one DPS is connected to flange 7 of the chamber, and with the second DN40 CF the DPS is connected to the second DPS. In each of the DN40 CF connections a 2-10 mm aperture is installed to minimize the amount that the liquid and solvent molecules in the gas phase can pass from the chamber into the DPS and to maximize the pressure ratio between them. During the operation, liquid and solvent molecules in the gas phase which manage to go through the aperture into the DPS will be collected onto the cooling fingers, preventing them from entering the FEL vacuum pipe. The final pressure achievable at the end of the second DPS with the liquid jet running is in the lower 10 −7 mbar range. If the required vacuum pressure is in the 10 −6 mbar range, it can be achieved with one DPS alone. The calculation for the final pressure can be found in literature; 21 however this cannot be successfully implemented for our setup due to the inclusion of the cooling trap which significantly improves the vacuum conditions. The efficiency of a pumping stage was experimentally monitored by a vacuum gauge and, depending on the diameter of the pinhole used, the ratio of the pressure before and after the DPS was in the 10 2 -10 3 range. Additionally, to ensure that no liquid or solvent molecules in the gas phase would enter the FEL tube, a test experiment was performed with the mass spectrometer connected after the DPS. During this measurement, no traces of the material coming from the liquid jet were observed. Additionally, the connections between the chamber and the DPS and between the first and second DPSs can be made with the DN40 CF flexible bellows, thus allowing for the precise placement of all the components in order to ensure that the pump beam is passing through all the apertures.
An automatic refill system for all liquid nitrogen traps in the setup has been developed. There are four cooling traps in the setup: one beneath the liquid jet, one in front of the turbopump, and two in the DPSs. Liquid nitrogen from a pressurized liquid nitrogen tank is delivered to all of them through insulated copper pipes. Each of the cooling traps is equipped with two temperature sensors that are monitoring the level of liquid nitrogen. The sensors are connected to a controller that opens and closes magnetic valves on each of the delivering copper pipes. Once the level drops below the lower sensor, the magnetic valve will automatically open the pipe delivering the liquid nitrogen to that specific cooling trap. When the liquid nitrogen level reaches the upper sensor, the magnetic valve closes.
For the reflectivity experiments, due to the fact that laser pulses become divergent after reflection from the liquid jet which acts as a convex cylindrical mirror, a convex lens can be placed between the chamber and the photodiode in order to increase the amount of the reflected signal arriving onto the photodiode.
III. EXPERIMENTS A. Optical reflection and optical transmission experiments
When using FEL pulses as a pump to induce ultrafast changes in materials, one way of observing these changes is by probing the sample with the Ti:sapphire or Nd:YAG ͑yt-trium aluminum garnet͒ laser pulses. Depending on the type of the sample ͑bulk solid sample, thin film, and liquid jet͒ and the optical properties of the material, the measured probe signal can be the transmitted, reflected, or both of them. The probe pulse is entering the chamber through flange 6. For measuring the intensity of the reflected pulses, a photodiode is mounted outside flange 8 ͓see Fig. 2͑b͔͒ , and for the intensity of the transmitted pulses another photodiode is mounted outside flange 2. All of these flanges ͑2, 6, and 8͒ are closed by DN40 CF viewports, which are transparent for the radiation in the range between 250 and 2000 nm, which permits to use not only the fundamental wavelengths of the Ti:sapphire and Nd:YAG lasers ͑800 and 1064 nm, respectively͒ but their harmonics as well, down to 266 nm. One additional photodiode is positioned behind the last mirror in front of the chamber and it is monitoring the intensity of the probe beam before it hits the sample. The recorded intensity is used to normalize the reflected and transmitted signals. Figure 3 emphasizes the stability of the setup in the reflectivity mode. It shows the intensity of the signal obtained from 100 fs, 800 nm laser pulses reflected from the running liquid jet. Although some signal instability cannot be totally avoided due to the instability of the surface of the liquid jet, the intensity distribution of the reflected signal had a standard deviation of only 3.5%, while the laser intensity had 1% standard deviation. With a sufficient number of integrated pulses for each time point in the time resolved measurement, the stability of the measured signal can be improved to less than 1%, which is adequate for monitoring structural and electro-optical changes induced in the liquid samples.
The temporal and spatial calibrations of the chamber have been performed at a home femtosecond laser source with a standard transient reflectometry setup. In Fig. 4 , a typical result of this optical pump ͑400 nm, 300 m focus͒/ optical probe ͑800 nm, 200 m focus͒ experiment on water is presented. The nozzle diameter was 20 m and the flow rate was 0.6 ml/min. Each of the time points is integrated over 1000 pulses. It is well known that 400 nm optical light pulses lead to the creation of solvated electrons 22 and other transient effects in water such as dielectric constant changes. These effects can be monitored by 800 nm reflectivity. The changes in the reflected intensity on the order of a percent can be easily observed, and it is possible to track changes in the change in reflectivity down to 0.05% with the temporal resolution of ϳ200 fs. At the time zero point, the reflected signal has an increase in intensity with a time constant of about 1 ps followed by an intensity decay Figure 5 shows the temporal and spatial calibration strategy for FEL pump/optical probe experiments. For this experiment, a solid sample ͓poly͑methyl methacrylate͒ ͑PMMA͔͒ was irradiated by the 30 fs long 8 nm soft x-ray FLASH pulses and the reflectivity changes of the 800 nm laser pulses were monitored. Here, the intensity stability is better than with the liquid jet and even the smaller changes can be resolved with the same 200 fs temporal resolution. The oscillations of the reflected signal after the laser excitation can be accurately fitted. The results of the experiments will be discussed elsewhere.
B. Soft x-ray diffraction and scattering experiments
On the second DN160 CF flange an extreme ultraviolet radiation ͑XUV͒ sensitive charge-coupled device ͑CCD͒ camera for detection of x-ray diffraction signal can be installed ͑Princeton Instruments, PIXIS-XO 2048 ϫ 2048 pixels with a DN100 CF flange connection͒. In order to reduce a background in diffraction images by preventing laser light from hitting the CCD chip, a 100 nm thick palladium foil with a diameter of 40 mm was installed as a filter between the camera and the chamber. The camera is not connected directly to the flange but over a flexible bellow ͑DN160 CF to DN100 CF͒ so that horizontal camera position could be modified for Ϯ20 mm.
With this setup the changes in soft x-ray diffracted signal after the optical excitation by laser pulse can be monitored. First, in this version of the chamber, it is possible to monitor the diffracted signal at 2 angles in the range of 80°-100°in the horizontal plane. For the currently available soft x rays in FLASH which are in the range of 7-30 nm, this determines the characteristic d-spacing of the samples to be investigated to 5-20 nm, which includes many interesting macromolecular materials, such as proteins with appropriate radii of gyration or self-assembled chemical systems, such as liquid crystals.
The chamber is positioned on two goniometers ͑Huber 1-Circle Segments͒, which can be used for rotation around the horizontal axis defined by x-ray beam. The maximum rotation angle is 20°in both directions. This is useful for the diffraction experiments where x rays are linearly polarized and the diffracted intensity in the horizontal plane is practically zero. By rotating the whole chamber, including the connected x-ray camera, diffracted signal in the areas above or below horizontal plane can be detected.
In Fig. 6 , a three-dimensional ͑3D͒ model of the diffraction experiment is shown. The laser pulses ͑red color͒ are used as the pump beam while the soft x-ray pulses ͑blue color͒ are used as the probe beam. The diffracted signal is monitored with the CCD camera attached on one of the DN160 CF flanges, recording the diffracted signal at 2 =90°Ϯ 4°. By adjusting the delay stage in the path of the laser beam, it is possible to change the relative arrival time between pump and probe pulses.
A Bragg diffraction spot from a single crystal silver behenate sample and the diffraction ring from the polycrystalline sample are presented in Figs. 7͑a͒ and 7͑b͒ , respectively. Both images are obtained using 8 nm wavelength 30 fs long soft x-ray pulses from FLASH, focused to ϳ200 m on the sample plane. The Bragg reflection is recorded with only one FLASH pulse, while the polycrystalline signal is integrated over four pulses in this experiment. Silver behenate has a well-defined structure 23 and its diffraction can be used as a standard reference for diffraction experiments at soft x-ray sources.
IV. CONCLUSION
We have built a compact and easily extendable vacuum chamber for versatile experiments with FEL radiation. Its small size is especially convenient for fast allocation to different experimental facilities. Although its primal function is to be used in experiments involving FEL radiation, it can be used for any reflection/transmission/diffraction experiments with high vacuum requirement. With multiple CF flange ports available, many other radiation sources and detectors can be easily connected. Having a small volume, it can quickly reach the operational vacuum conditions; nonetheless, there is enough space for mounting and manipulating multiple samples simultaneously. The jet system provides the means for serial experiments, such as serial diffraction and serial spectroscopy, where rapid exchange of samples is required.
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This work was supported by SFB 602 and SFB 755 of the Deutsche Forschungsgemeinschaft. Furthermore, S.T. is grateful to the DFG ͑Grant No. TE347, 1-3͒, Aventis Foundation, Fonds of the Chemical Industry and EU-FLASH MC-8041. The authors would like to thank R. Treusch, S. Duesterer, and A. Foehlisch for their helpful discussions and the Max Planck Advanced Study Group for their continuous support. I. Rajkovic and J. Hallmann contributed equally in this work. FIG. 6 . ͑Color online͒ 3D model of the pump/probe setup with solid samples. The laser pulses ͑lighter shade of gray, red online͒ are used as the pump beam while the soft x-ray pulses ͑darker shade of gray, blue online͒ are used as the probe beam. In this example, the diffracted signal is monitored with the CCD camera attached on one of the DN160 CF flanges, recording the diffraction at 2 = 90°. By adjusting the delay stage in the path of the optical laser beam it is possible to change the relative arrival time between the pump and probe beams.
FIG. 7.
Diffraction from a silver behenate sample using the FLASH soft x rays with 8 nm wavelength. ͑a͒ Diffraction from the single crystalline sample. The image has been recorded in a single pulse mode. ͑b͒ The powder diffraction signal from the polycrystalline silver behenate sample. The final image was accumulated over four pulses. The vertical stripe is a part of a diffraction ring with 2 angle of 86.5°.
